The black hole candidate, XTE J1752−223, was discovered in 2009 October when it entered an outburst. We obtained radio data from the Australia Telescope Compact Array for the duration of the ∼9 month event. The lightcurves show that the radio emission from the compact jet persisted for the duration of an extended hard state and through the transition to the intermediate state. The flux then rose rapidly by a factor of 10 and the radio source entered a series of at least 7 maxima, the first of which was likely to be emission associated with the compact jet. The subsequent 6 flares were accompanied by variable behaviour in terms of radio spectrum, degree of linear polarisation, morphology and associated X-ray behaviour. They were, however, remarkably similar in terms of the estimated minimum power required to launch such an ejection event. We compare the timing of radio peaks with the location of the ejecta, imaged by contemporaneous VLBI experiments. We then discuss the mechanism behind the events, in terms of whether discrete ejections is the most likely description of the behaviour. One ejection, at least, appears to be travelling with apparent superluminal motion. The range of properties, however, suggests that mutiple mechanisms may be relevant and that at least some of the emission is coming from shocked interactions amongst the ejecta and between the ejecta and the interstellar medium. We also compare the radio flux density with the X-ray source during the hard state and conclude that XTE J1752−223 is a radio-weak/X-ray-bright outlier on the universal correlation for black hole transient sources.
INTRODUCTION
Astrophysical jets are now thought to be standard features of black hole X-ray transient events; they are no longer assumed to be associated with "unusual" systems. They are launched from the central regions of the accretion disc, which surrounds the black hole, and take different forms. The jet may be a partially self-absorbed, approximately conical outflow which transports a large percentage of the accretion power away from the system. At other times it may be in the form of very bright, discrete ejecta which can sometimes be imaged as they travel away from the binary system. The email: c.brocksopp@ucl.ac.uk relationship between the jets and accretion state has been a subject of intense study for a number of years but it is not yet clear exactly what conditions are required to launch either type of jet.
In a canonical outburst there are compact radio jets present, displaying a flat or inverted spectrum (α ≥ 0, where the flux density, Sν ∝ ν α and ν is the frequency of observation), while the X-ray source is in its hard spectral state; this state is typified by a hard power-law X-ray spectrum and a high level of aperiodic X-ray variability. The X-ray emission is thought to be dominated by some sort of corona, or base of a jet close to the black hole. As the outburst evolves, the X-ray spectrum becomes increasingly dominated by thermal emission from the accretion disc and the level of aperiodic arXiv:1303.6702v1 [astro-ph.HE] 26 Mar 2013 variability drops. The compact jet persists through this intermediate state, in some cases giving way to an optically thin major radio flare at the point of spectral transition. The jet is then expected to be quenched, perhaps as a result of some sort of equatorial disc wind (Neilsen & Lee 2009; Ponti et al. 2012) , as the X-ray source enters its soft state. Finally, as the X-ray outburst decays and returns to the hard state, the steady radio jet again returns with a flat spectrum and relatively low flux density at radio wavelengths (Corbel et al. 2004; Fender, Belloni, Gallo 2004; Fender 2006; Belloni 2010 ; and references therein).
As well as associations between the jet characteristics and X-ray spectral behaviour, there have also been attempts to link the ejecta with the X-ray timing properties; the ejections typically seem to have a loose -but not exact -correspondence with episodes of very low integrated noise variability (Fender, Homan & Belloni 2009 ). However, the 2009 outburst of H 1743−322, showed a more definite association between ejecta and timing events; the ejections took place as the X-ray variability began to decrease and the Type C quasi-periodic oscillations disappeared from the power density spectrum (Miller-Jones et al. 2012) .
In some sources, however, radio emission is present for the duration of the X-ray outburst. A few sources, such as XTE J1859+226, enter a series of optically thin flaring events, causing the radio flux density to remain high throughout the soft state (Brocksopp et al. 2002 ). This behaviour is described by Fender, Belloni & Gallo (2004) as repeated "crossing the jet line", as the X-ray source switches between the hard and soft intermediate states and the jet correspondingly enters a series of discrete ejection events. Conversely, XTE J1748−288 decayed conventionally but then re-brightened and entered an episode of flaring following the return to the hard state (Brocksopp et al. 2007 ). The flaring may be because the radio source enters a series of ejection events, or because of interactions between the jet and gas in the surrounding environment (Corbel et al. 2002) or because of collisions between the earlier, slower ejected material and subsequent faster ejecta (Fender, Belloni, Gallo 2004) . Alternatively, episodes of rapid flaring in GRS 1915+105 have also been closely related to X-ray behaviour and interpreted as ejection of the X-ray corona (Rodriguez et al. 2008a, b) .
Distinguishing between these different sources of optically thin radio emission is not straightforward. The radio emission detected during standard monitoring is typically spatially unresolved and so cannot be linked to specific imaged ejecta or locations. Some of the radio variability has an analogue in the X-ray lightcurves, some of it in the variability of the X-ray spectrum and some seems to be unrelated to any X-ray activity. Estimates of the power used to launch an ejection may give further insight as to the mechanism. Some of the radio events are associated with specific polarisation properties; in theory this should also aid identification of the flaring mechanism but, in practice, the observation of polarised emission can result in more questions than answers (e.g. Fender 2003 and Brocksopp et al. 2007) .
A relatively small number of black hole X-ray transients have been observed with a detectable level of linear polarisation (see Fender 2003 and Brocksopp et al. 2007 for details of the sources). While optically thin synchrotron sources can theoretically be linearly polarised up to 70% and optically thick sources up to 15% (Longair 1994) , this is rarely seen in practice. The "missing" polarisation can be lost via a number of mechanisms, any of which may be applicable in X-ray transient systems. Some unresolved sources are comprised of multiple components such as weakly polarised core and highly polarised jet ejecta (e.g. GRS 1915+105 (Fender et al. 1999) , GX 339−4 (Corbel et al. 2000) and various radio galaxies (e.g. Cawthorne et al. 1993) ). Alternatively different "packets" within the source may be polarised equally but with different values of polarisation angle, such as the precessing jets of SS433, resulting in a net reduction in observed polarisation (e.g. Stirling et al. 2004) . Finally, the degree of polarisation can also be reduced through rotation of the polarisation angle; this can be independently of the wavelength (λ) via shocks, rotation of the magnetic field structure or acceleration/deceleration of the jet (see e.g. Fender et al. 2002; Blandford & Königl 1979) or by being viewed through additional magnetic media causing Faraday rotation, where the degree of rotation is dependent on λ 2 . More recently, Cygnus X-1 has been shown to have linearly polarised X-ray emission, possibly indicating extension of the compact jet out to 400 keV (Laurent et al. 2011) .
There is a strong relationship between the X-ray and radio emission of accreting black hole sources during the hard state. A non-linear correlation has been found between the flux densities, F Rad ∝ F b X where b ∼ 0.5-0.7 (Hannikainen et al. 1998; Corbel et al. 2003; Gallo, Fender & Pooley 2003) , and this holds both for individual sources and universally across many sources. However, there is now a growing number of "outliers" (Coriat et al. 2011; Corbel et al. 2013a) , challenging the universality of the correlation and creating a second population of sources (Gallo, Miller & Fender 2012) , still with correlated radio/X-ray emision. There is suggestion that XTE J1752−223 is one of these outliers (Ratti et al. 2012 ) and we address this further in the paper.
For the remainder of this section we summarise the observations and findings to date, regarding the X-ray transient XTE J1752−223. In Section 2 we describe our observations and in Sections 3-7 we present our results, looking at the lightcurves, radio/X-ray correlation, radio spectrum, linear polarisation and energetics. Finally we discuss these results and their implications in Section 8 and draw our conclusions in Section 9.
XTE J1752−223
XTE J1752−223 was discovered on 2009 October 23 by the All Sky Monitor on-board the Rossi X-ray Timing Explorer (ASM/RXTE) (Markwardt et al. 2009a) . Continued X-ray monitoring by RXTE, MAXI and Swift suggested that the source was a black hole candidate (BHC) with variability indicative of an imminent state transition (Nakahira et al. 2009; Markwardt et al. 2009b; Remillard et al. 2009; Shaposhnikov et al. 2009 Shaposhnikov et al. , 2010 . Further analysis of X-ray modelling confirmed the likelihood of the object being a BHC (Nakahira et al. 2012; Reis et al. 2011; Muñoz Darias 2010a) .
A bright optical counterpart was found three days after the X-ray discovery, and a bright near-infrared counterpart found almost immediately afterwards (Torres et al. 2009a, b) . A radio counterpart was discovered using the Australia Telescope Compact Array (ATCA) with a flux density of ∼ 2 mJy at both 5.5 and 9 GHz, the flat spectrum consistent with that of the compact jet which is routinely associated with the hard X-ray spectral state (Brocksopp et al. 2009 ).
On-going X-ray monitoring was complicated for the following two months due to Sun constraints. It appeared that the X-ray source remained in the hard state for an unusually extended period of over two months. Homan (2010) reported the transition to a softer spectral state in mid-January 2010. This was confirmed by the resumption of pointed observations by RXTE/PCA and Swift which indicated an intermediate state (Shaposhnikov 2010a and Curran et al. 2010 respectively. See also Shaposhnikov et al. 2010b and Nakahira et al. 2010) . Follow-up radio observations suggested the onset of a radio ejection event, often present during spectral state changes (Brocksopp et al. 2010a ). Additional radio observations were obtained using the European VLBI Network (EVN) and showed the presence of resolved jet components (Brocksopp et al. 2010b,c) .
The source continued to evolve, returning to the hard state again in 2010 March (Muñoz Darias et al. 2010b) and later showing a re-brightening of the infrared counterpart (Buxton et al. 2010) . By 2010 August the optical counterpart had faded to a quiescent level (Russell et al. 2010) , although re-brightened briefly (Coral-Santana et al. 2010a,b,c) .
The radio source was imaged with the European VLBI Network (EVN) and Very Long Baseline Array (VLBA) and a series of ejecta discovered (Yang et al. 2010 . It appeared that there were at least three discrete ejection events (labelled A, B and C) as well as the compact core (labelled D). An accurate identification and position for the radio core were obtained by Miller-Jones et al. (2011) via optical spectroscopy and Very Long Baseline Array (VLBA) radio imaging. Since the position was to the south-east of the radio components detected by Yang et al. (2010) , it seemed more likely that both observed ejecta were approaching the observer and the receding components were below the threshold for detection. Further Very Long Baseline Interferometry (VLBI) observations and analysis of the four radio components, and their proper motions, suggested that one component must have experienced significant deceleration; another may provide evidence for XTE J1752−223 being a new superluminal source. It also appeared that the radio core was variable ).
Further analysis of the optical and infrared decay showed that there were contributions from both the disc and the synchrotron jet, the latter possibly also associated with an X-ray flare (Russell et al. 2012) . Evidence for a synchrotron contribution to the rising optical flux was also presented by Curran et al. (2011) , the first time such a hysteresis effect had been found in the optical (as opposed to the infrared, e.g. Buxton & Bailyn 2004; Russell et al. 2007 ).
Finally, possible evidence for an X-ray jet was discovered in deep Chandra observations presented by Ratti et al. (2012) . The imaged component was aligned with the radio jet components of Yang et al. (2011) and at an angular distance of 2 .9 from the core. If confirmed, such an X-ray jet component could have been ejected directly from the central source or be shocked emission produced in collisions between ejecta or interaction with the interstellar medium.
OBSERVATIONS
Radio monitoring at the ATCA commenced on 2009 October 9 and continued until 2010 July 10, giving a total of 52 observations. The new Compact Array Broadband Backend (CABB) was used and observations conducted at 5.5 and 9 GHz . The array was changed into a range of configurations over the course of our programme; the majority of high flux and variability occurred during the 6A and 750B windows. Observing times were typically 1-2 hours but ranged from brief snapshots of minimum 15 minutes of usable data to a maximum of 5 hours.
The ATCA data were flagged, calibrated and imaged in the standard way using miriad. The flux and polarization calibrator for all epochs was PKS 1934−638; the phase calibrator was IVS B1752−225 (PMN J1755−2232) for the first epoch and MRC B1817−254 (PMN J1820−2528) thereafter. Due to bright sources in the sidelobes at 5.5GHz it was necessary to exclude data from shorter baselines for some of the lower resolution configurations. Thirteen of our observations were brief snapshots for which, following successful deconvolution in the clean routine, the restor routine was unable to determine a beamsize for reconvolution. In these cases it was necessary to estimate a beam based on adjacent epochs; this had no impact on determination of the flux density, although it did reduce the accuracy of the estimated source position. Additional observations were obtained from the EVN and VLBA. Details of these data can be found in Yang et al. (2010 Yang et al. ( , 2011 .
Publicly available X-ray data were obtained from Swift/BAT and MAXI/GSC for comparison with the radio data. We also downloaded, reduced and analysed all data obtained with the Rossi X-ray Timing Explorer (RXTE) Proportional Counter Array (PCA) during the 2009-2010 outburst of XTE J1752-223. The RXTE/PCA data were reduced following standard steps (e.g. Rodriguez et al. 2008a) with the HEASOFT v6.12 to obtain light curves, spectra and response matrices. Good Time Intervals were defined following the recommended filter criteria 1 . With a view to producing the Hardness Intensity Diagram (HID) of the source shown later in Fig. 2 , we extracted light curves in the standard three energy ranges usually used for this purpose (2.87-5.71 keV, 5.71-9.81 keV and 2.87-20.20 keV), and corrected them for the background. We then extracted source and background spectra from the top layer of PCA/Proportional Counter Unit No. 2, using the appropriate version of the background model according to the brightness of the source. The resultant spectral products were loaded into XSPEC v12.7.1 and fitted. As we wanted to obtain fluxes in well defined bands, we fitted the spectra with very simple models, only ensuring that the reduced χ 2 was less than 1.8 for the fit (and fluxes) to be acceptable.
RESULTS -LIGHTCURVES
We plot the radio lightcurves and spectral indices in the bottom panels of Fig. 1 , with the hard X-ray (Swift/BAT) and soft X-ray (MAXI/GSC) public data in the upper panels. The X-ray data have been discussed in detail by previous (2010), although we note that the time of the hard-intermediate state transition was not well-determined and took place some time during the period of sun constraint (hatched region). The third panel shows the ATCA radio data at 5.5 and 9 GHz. Triangles mark the dates of the VLBI observations and labelled A, A+B, C or D according to the ejecta components which were detected . We add connecting lines between the radio points for clarity but note that caution is needed in use of these lines since there were gaps in our monitoring and we may have missed additional flares. The radio maxima are labelled 1-7 as discussed in the text. Finally, the bottom panel shows the spectral index, α, where the flux density, Sν ∝ ν α and ν is the frequency of observation.
authors (Shaposhnikov et al. 2010; Nakahira 2010 Nakahira , 2012 and are just shown here for comparison with the radio.
Radio monitoring of XTE J1752−223 started while the X-ray source was in the hard state (Shaposhnikov et al. 2010 ). The radio source was first detected with flux density ∼ 2 mJy at both 5.5 and 9 GHz, consistent with the flat spectrum that we would expect for a compact jet in the hard state. XTE J1752−223 was unusual in that the initial hard state lasted for over a month (55130 to ∼55200; Shaposhnikov et al. 2010), as opposed to the few days typical for most black hole X-ray transient sources (but see also e.g. GX 339−4 (Corbel et al. 2013a ), SWIFT J1753.5-0127 (Cadolle Bel et al. 2007 ) and SWIFT J174510.8-262411 (Belloni et al. 2012) for sources with hard states of longer duration), and so we were able to detect the compact jet on multiple occasions before the source evolved further. As the X-ray source started its transition to the intermediate state, some time after MJD 55190, the flat spectrum persisted, with the radio flux becoming marginally more variable (see Fig. 1 ). Once the intermediate state was reached (MJD 55200), the radio source brightened by an order of magnitude and the spectrum remained optically thick (MJD 55217; Peak 1 in Fig. 1 ). While there is a gap in coverage prior to this peak, the presence of optically thick emission persisting from the compact jet suggests that there were no missed peaks during this gap.
As the X-ray source of XTE J1752−223 made the transition to the soft state, the initial radio peak (peak 1 in Fig. 1 ) faded. It then re-brightened almost immediately to ∼ 15−20 mJy (MJD 55223), this time with an optically thin spectrum which persisted through the rise, peak and decay. This second event was consistent with that of the canonical major radio event often observed at the time of the X-ray state transition. The radio source then entered a series of flares, all optically thin and superimposed on an otherwise decaying lightcurve. In total we observed at least seven maxima, although there were gaps in our coverage and so additional events may have been missed. In contrast, the soft X-rays decay smoothly and the hard X-rays are quenched (although see later in Fig. 2) .
It is perhaps remarkable that such dramatic radio flaring did not seem to correlate with features in the X-ray lightcurves. The soft X-ray peak takes place just after the initial radio maximum of MJD 55217 (or up to a couple of weeks later if our radio monitoring missed the true radio peak) and similarly it precedes the second radio peak by a few days. The X-ray decay during the soft state is then relatively featureless, decaying smoothly until the transition to the intermediate state (although see also the following section on correlated behaviour between X-ray and radio emission). The 7th radio peak occurs at the end of the Xray decay, (see also Corbel et al. 2004 ) and precedes the hard X-ray reflare by about 10 days, although that does not necessarily rule out any association; peak 7 could indeed represent the return of the compact jets. We discuss the X-ray emission further in the following section.
The source passed through the intermediate state again during its decay to the hard state. Once in the hard state, the radio source continued to vary, with a weak re-brightening during MJD55300-55340. Interestingly, this preceded the Xray/optical reflare (∼ MJD55350-55375) discussed by Russell et al. (2011) but we did not detect anything contemporaneously with their results, possibly due to lack of sensitivity and less frequent monitoring. We note, however, that a similar radio rebrightening with delayed OIR analogue was detected in GX 339−4 (Coriat et al. 2009 ; see also Miller-Jones et al. 2012) . Finally, the radio source of XTE J1752−233 remained detectable for over two months before decaying below an upper limit of ∼ 0.03 mJy.
RESULTS -RADIO SPECTRUM
We plot the evolution of the spectral index in the bottom panel of Fig. 1 . During the hard state, as expected (Fender 2001) , the radio spectrum is flat and partially self-absorbed, with some variation to inverted but, perhaps surprisingly, there is also a single point which is particularly optically thin (MJD 55183). During the transition to the intermediate state, there is a shift to optically thin emission before returning to optically thick at the time of the initial peak in the lightcurve (MJD 55217). Once the X-ray source has completed the transition to the soft state, the radio emission is persistently optically thin and this continues for almost the remainder of the observing program, despite the return of the compact jet in the final hard state.
During the flaring episodes the spectrum remains optically thin but with a degree of variability. The source becomes more optically thin during the events around MJD 55220-55225 (peaks 2 and 3), 55245 (end of peak 4) and 55290, adding weight to a suggestion of multiple ejection events. The temporary episodes of optically thick emission that we might expect prior to each repeated ejection event (e.g. A0620−00; Kuulkers et al. (1999) or XTE J1720−318; Brocksopp et al. (2005) ) are less obvious, but this is unsurprising due to the series of rapid and overlapping events.
The radio spectrum continues to be optically thin even once the X-ray source has returned to the hard state. This would normally suggest the on-going presence of optically thin emission in the environment. In the March 22 image of Yang et al. (2011) there is possible (∼ 0.75 mJy) residual emission along the path taken by the jet. However, by April 25 and 29 there is only emission coming from the stillvariable core and it is still optically thin. Either the optically thin emission is produced by a flaring core or there is further unresolved emission in the ATCA field of view which has been undetected/resolved out by the VLBI. This would not be surprising, given the low signal-to-noise of the last two VLBI observations. Alternatively it is possible that there is some reason why the jet is unable to build up its flux at the higher energies. We also note that the outlier sources of the radio/X-ray correlation may have less inverted radio spectra (Coriat et al. 2011 . See also Corbel et al. 2013b ). Therefore it is likely that, even if optically thin, this radio emission represents the onset of the compact jet. Finally, the last two radio detections are consistent with having a flat spectrum.
The improved capabilities of ATCA with the new CABB back-end enable us to split the bandwidth at each frequency, from a single bin of width 2GHz to two bins of width 1GHz. This improves the resolution of our radio spectra, albeit with reduced sensitivity, for those epochs with good signal-to-noise. We obtain similar results to those described above, with linear 4-point spectra. However for consistency between all epochs, we continue to use the 2-point spectra in Fig. 1 . In particular, we checked the hard state data of (i) MJD 55183, when the spectrum was particularly optically thin -the 4-point spectra confirm this result and (ii) the decaying hard state to look for evidence of the moment when the jet re-ignited -there is no obvious change in spectrum which could indicate a jet turn-on.
RESULTS -RADIO/X-RAY CORRELATION
The lack of features in the X-ray lightcurves compared with the dramatic flaring in the radio lightcurves is perhaps surprising (although not unprecedented, e.g. GX339−4; Corbel et al. 2003) . This is true of not only the Swift/BAT and MAXI data presented in Fig. 1 but also the pointed X-ray observations presented in e.g. Shaposhnikov et al. (2010) ; it is not merely an issue of data quality. With this in mind, we present the hardness-intensity diagram in Fig. 2 , with the intensity data in the 2.87-20.2 keV energy range and the hardness ratio (5.71-9.5 keV)/(2.87-5.71 keV). A much greater degree of variability is now apparent with a large number of temporary hardening events, not unlike those observed in XTE J1859+226 which were found to be associated with radio events (Brocksopp et al. 2002; Fender et al. 2009 ). Approx. start of rise for radio peaks 2-7 Figure 2 . X-ray hardness:intensity diagram, showing a much higher degree of variability than is obvious in the lightcurves. Symbols have been over-plotted to indicate the times of (i) the first radio maximum at MJD 55217 (square), (ii) the peaks of the subsequent radio flares (open circles) and (iii) estimated beginning of the rise for each of the subsequent radio flares (stars). There is a loose tendency for the radio peaks to be associated with episodes of temporary X-ray spectral hardening but it is by no means a clear relationship.
We have plotted additional symbols on the hardnessintensity diagram in order to indicate significant events in the radio lightcurves. The square corresponds to the first peak in the radio lightcurve, when the X-ray source was still in the intermediate state and the radio emission still produced by the compact jet. The open circles then correspond to the subsequent six radio peaks and the stars correspond to the approximate start of each of these six radio flares. There is no obvious relationship which holds consistent for each flare. The stars do not seem to be associated with either X-ray softenings or hardenings, although obviously the start time of each rise can only be estimated approximately. The radio peaks seem to be very loosely associated with temporary X-ray spectral hardenings but it is far from a clear correlation; not all the circles lie at epochs of spectral hardening and there are many hardening events which apparently are not associated with any change in the radio, although this may be due, in part, to the limited radio coverage. This may suggest that the radio monitoring missed the exact time of the peak or missed other peaks entirely, that the various flares are produced via different mechanisms and/or that the relationship between temporary spectral hardenings and radio flares seen in other sources is not a widespread phenomenon.
Finally we plot the radio and X-ray flux densities for the hard state on the canonical radio flux vs. X-ray flux plot (Fig. 3) . The ATCA points are plotted as circles, filled and open for the rise (up to MJD55217) and decay (from MJD55282.5) respectively. EVLA data from the decay are added as open squares and VLBA data as open triangles; we note that the VLBI points are typically fainter than ATCA, most likely on account of the longer baselines resolving out the more extended emission. The dotted line is a fit to all hard state data, giving LR ∝ L hand line -standard; Corbel et al. 2013a ) and H1743−322 (right-hand line -outlier; Coriat et al. 2011) , placing each source at its likely distance of 8 kpc. These results confirm that XTE J1752−223 is indeed an outlier, converging with the standard correlation only at high and low flux. It is possible that the decay was more radio-bright, relative to the X-ray emission, than the rise (see also GX 339-4; Corbel et al. 2013a) . We note that the points for the decaying hard state remain optically thin but are likely to represent the compact jet data because i) the X-ray source is in the hard state, ii) the ATCA data are consistent with emission from the resolved core in the VLBI images, iii) the VLBI maps show no resolved components other than the core at this time and iv) Coriat et al. (2011) suggested that the radio spectra of the outlier sources tended to be less flat (α < 0) than those on the standard correlation.
RESULTS -LINEAR POLARISATION
We obtained images in Stokes Q and U and created linear polarisation maps for all the ATCA epochs, where the linear polarisation, LP, is equal to Q 2 + U 2 . Most of the data were of the order 10-20 per cent polarised. To illustrate the variability and how it compares with that of the Stokes I lightcurve, we plot the fractional polarisation (FP) in Fig. 4 .
During the hard state the FP reaches up to 8.05±1.73%, relatively high for this state. As the source evolves, the initial peak of the Stokes I is notably weakly polarised, if at all. The FP then increases simultaneously with the decay in flux of the inital peak and transition to the soft state. Once the radio emission becomes optically thin, the (anti-)correlation between Stokes I and FP emission is less pronounced. Peaks 2 and 5 seem to be anti-correlated with the Stokes I flux density, although conversely it could be a delayed correlation. Peaks 3, 6 and 7 seem to have equivalent peaks in the FP. Peak 4 is more complex, showing associated peaks in the FP which are neither correlated or anti-correlated. We also determined the observed polarisation position angles, using PA= (1/2) arctan(U/Q) and plot them in the bottom panel of Fig. 4 . There is a wide range of valuesa very simple, illustrative attempt to quantify the range by fitting a straight line to the data gives a value of χ 2 ν > 25000, as we would expect for multi-frequency data and a non-zero rotation measure (RM). We then attempted to calculate the intrinsic PA (PAi) and RM, where PA=PAi+RMλ 2 . This information would have been useful for determining any evolution and/or wavelength-dependency to the linear polarisation. Unfortunately the resultant values of the rotation measure had high scatter and were therefore meaningless, on account of having observations at only two frequencies for the straight-line fits. We were also unable to use the 4-point spectra derived in Section 4 due to insufficient sensitivity. Given the size of the uncertainties on the PA, there is no useful information we can obtain from these data.
RESULTS -ENERGETICS
There has been only a small number of previous X-ray transient events for which the radio lightcurve during flaring episodes was sufficiently well-sampled to allow estimates of the minimum power required to launch the ejection. These include XTE J1859+226 (Brocksopp et al. 2002 ), GRS 1915+105 (Fender et al. 1999 , XTE J1748−288 (Brocksopp et al. 2007) . It is even more unusual to be able to do so for multiple events. Details of these flares can be found in Table 1 .
We assume that the radio source is in a state of approximate equipartition (e.g. Longair 1994 ) and that the minimum energy electrons are radiating at 5.5GHz, the lowest observing frequency. Then the minimum energy associated with an event is:
ν Hz 2/7 Lν W Hz (1) This is equivalent to (Fender 2006 
where ∆t is the rise time, d = 3.5kpc (Shaposhnikov et al. 2010 ) is the distance to the source, ν is the observing frequency and Sν is the flux density at frequency ν. The rise times assume a spherical ejection (although we note that this may slightly over-estimate the volume compared with a continuous and approximately conical outflow) and are based Figure 4 . LHS: We replot the integrated radio lightcurve in the top panel for comparison. In the three panels below we show the linear polarisation, fractional polarisation (all data included for completeness but the last points unlikely to be reliable) and observed polarisation angle. Crosses indicate the 5.5-GHz data and filled circles the 9-GHz data in each case. RHS: Expanded plots showing the flaring episodes in flux density (crosses) and fractional polarisation (open circles). 5.5-GHz data is shown in the top panel and 9-GHz data in the bottom panel. There is some degree of (anti-)correlation between the various panels but, as discussed in the text, the relationships between the lightcurves is not obvious. Table 1 . Summary of the radio events, listing dates of the peaks, maximum observed flux densities and X-ray spectral state at the time of the observed peak. We note that the actual peaks may be different from those observed due to gaps in our monitoring. NB we include the first peak for completeness and for contrast with the optically thin flares, but note that it is probably a very different sort of ejection due to its optically thick nature and accompanying X-ray behaviour. We discuss this further in Section 8. on the increase of the flux density in the radio lightcurves; since the flares in the lightcurve are superimposed it is not possible to obtain exact rise times but only lower limits. We assume that the relativistic proton energies are negligible compared with those of the electrons, giving η=1.
The minimum power is then:
Resultant values of Wmin and Pmin are listed in Ta-ble 1. We note that this standard parametrisation for the minimum energy requires a spectral index of α = −0.75, where Sν = ν α ; thus there is a small (< 2) factor increase in the minimum energy to account for the variation in spectral index (see Table 1 ; Longair 1994) .
Finally, we need to account for Doppler (de-)boosting. Adopting a distance to XTE 1752−223 of 3.5kpc (Shaposhnikov et al. 2010) , Yang et al. (2011) estimate a speed of 0.7c for Component B, assuming an ejection date of MJD 55250.6. They also speculate that, if the source were situated further away, in the Galactic centre, then XTE J1752−223 would be a good candidate for superluminal motion. We note that 3.5 kpc is the lower limit to the distance estimated by Ratti et al. (2012) and Chun et al. (2013 submitted) estimate a lower limit of 5kpc, based on high resolution X-ray spectroscopy and NIR photometry. Comparison with GX 339−4 and H1743−322 in Fig. 3 implies that a distance of 8kpc is not unfeasible.
For now, following Yang et al. (2011), we adopt a relativistic value of 0.7c. Thus γ ∼ 1.4 which gives us a range of Doppler factors δ = γ(1 ∓ β cos θ) −1 ∼ 0.82 − 4.667, depending on whether the jet is approaching or receding and the inclination angle of the system (although we note that no receding jet was detected in the VLBI images). Thus the values of Wmin and Pmin are changed by scaling factors γδ −5/7 ∼ 0.47 − 1.61 and γδ −12/7 ∼ 0.09 − 1.96 respectively. Considering that these calculations do not include the energy associated with bulk relativistic motion (see e.g. Fender & Pooley (1998) , Ghisellini & Celotti (2001) for calculations which do include the motion of cold protons), include only a fairly narrow wavelength and allow for a lower distance than may be the case, these estimates can be considered conservative. It is interesting that, despite the flares apparently having a wide range of properties, they all have comparable values for minimum power. They are an order of magnitude lower than the power derived for e.g. XTE J1748−288 (P ∼ 8 × 10 37 erg s −1 ; Brocksopp et al. 2007 . See also Fender, Belloni & Gallo (2004) , and references therein, for additional comparisons between the jet power of various events), but a significant fraction of the accretion power is still required in order to launch these ejecta. We discuss in the next section whether they are all likely to be discrete ejecta.
DISCUSSION
The outburst of XTE J1752−223 was relatively conventional in some sense; it passed through the X-ray spectral states as we would expect, displayed a compact, steady jet with flat spectrum during the initial hard state period, exhibited polarised, optically thin ejection events and demonstrated some degree of correlation between the X-ray and radio emission. On the other hand, the earliest and brightest radio peak remained optically thick and presumably associated with the compact jet of the hard state, the radio emission of the decaying hard state remained optically thin, the degree of linear polarisation did not show a clear correlation with the radio behaviour and the radio flaring was not restricted to times of X-ray hardening or state transitions. Indeed, the majority of the flaring took place during the soft state when we would expect the jet source to be quenched. We address these distinctions below.
Linking lightcurves with imaged ejecta
The series of peaks shown in Fig. 1 and Table 1 suggests that a number of ejection events took place. The VLBI analysis of Yang et al. (2010 ) and Miller-Jones et al. (2011 confirm this; there are multiple components in the series of images which show proper motion and expansion. Labelled "components A, B, C and D" by Yang et al. (2011) , where component D is the (apparently variable) core (Miller-Jones et al. 2011), we would expect the imaged ejecta to have signatures in the lightcurves also. We include the VLBI images of Yang et al. (2011) in Fig. 5 for ease of comparison. Peak 1 in the radio lightcurve is distinguished from the subsequent peaks on account of its optically thick spectrum and absence of linear polarisation. Miller-Jones et al. (2011) also discuss this peak in terms of the X-ray activity; radio flares are typically associated with the transition from a hard intermediate X-ray spectral state to a soft intermediate state (Corbel et al. 2004; Fender et al. 2004; Fender, Homan & Belloni 2009 ). At the time of the first radio peak, the Xray source had not yet softened or reduced in integrated rms variability and QPO coherence. It therefore seems likely that the first radio peak is some episode of compact jet activity occurring prior to the initial optically thin radio flare that we would expect in such an outburst . While the compact jets of the hard state are expected to become unstable prior to the major optically thin ejection, such instability so as to result in an optically thick peak prior to transition is uncommon, although not surprising given the increase in X-ray flux. The hard state was particularly long in this outburst, with the compact jet persisting for a couple of months, also uncommon in transient sources.
It may be that this prolonged hard state created some sort of instability in the jet, leading to an optically thick flare or ejection event prior to the X-ray spectral transition. Flares associated with the compact core are not unprecedented and have been observed in SS433 (Vermeulen et al. 1993) and MAXI J1659-152 (Paragi et al. submitted) . Alternatively, and perhaps more consistent with our current understanding of transient events, it may have been the beginning of some brighter compact jet plateau phase which was then cut short by the X-ray transition to the soft state and associated quenching of the jet. Either way, such an extended jet phase probably warrants some comparison with those sources whose outbursts entirely remain in the hard state (e.g. Brocksopp, Fender, Bandyopadhay 2004; Soleri et al. 2012; Belloni et al. 2012) .
Following the first radio peak, the X-ray source entered the soft state; in the standard model for black hole transient events we expect the radio emission to be quenched in this state (Corbel et al. 2004; Fender et al. 2004; Fender et al. 2009; Neilsen & Lee 2009; Ponti et al. 2012) . Any radio emission is explained in terms of additional ejecta associated with a re-crossing of the "jet-line" in the X-ray hardness-intensity diagram or residual emission from previous ejecta, perhaps interacting with the ISM or each other. For XTE J1752−223, the sequence of radio flares which followed was both optically thin and linearly polarised. These peaks are therefore more likely than peak 1 to be associated with the ejecta imaged by the VLBI experiments. MillerJones et al. (2011) discuss components A and B in terms of the lightcurve peaks 2 and 4 respectively. Component A was thus thought to be ejected on MJD55218 and to decelerate via a combined model of ballistic motion followed by a Sedov phase, the ejecta decelerating rapidly as they are swept up by the ISM.
On the other hand, Component B was more problematic; it is not detected in the images until after the fourth peak has decayed (i.e. the fourth VLBI observation), and so the association between peak 4 and component B is not compelling. Alternatively we consider the possibility that component A is actually associated with peak 4. The decay of the second peak is rapid and the ejecta had time to fade prior to the VLBI observations, thus explaining the absence of this event from each of the VLBI images. The third peak is faint and also decays quickly and so is likely to be absent from the VLBI images. However, peak 4 is bright, coincident with the VLBI images which detect component A and also decays with a similarly broad morphology to the decay of component A . A model of higher initial proper motion and more rapid deceleration is then required to fit the motion of component A; a shorter episode of ballistic motion, followed by the Sedov phase could still be plausible.
Consequently, component B is associated with peak 5 or 6 and component C with peak 6 or 7. Yang et al. (2011) state that component B had a higher proper motion than A, perhaps explained in terms of the detection of B being during the rise of peak 6 and so prior to any deceleration. Yang et al. (2011) also state that component C was faint, again explained by the low flux density attained by peaks 6 and 7.
If component A was indeed associated with peak 4 then we can make an estimate of the jet speed. By the first VLBI epoch of MJD 55238.4, component A has reached an angular separation of 562.2 mas from the core. In Fig. 1 , the rise of peak 4 began around MJD 55226. This implies a proper motion of 45 mas/day, or about 1.3c at 5kpc, the lower limit to the distance as estimated by Chun et al. (2013 submitted) and thus we can consider the motion to be superluminal. The initial speed would be higher still if the deceleration had already started by the time of the first epoch and/or if the distance is actually further.
Mechanism for flare-production
Until this point, we have treated each optically thin peak in the lightcurve as if it were a new ejection event. This is certainly plausible, and supported by the decaying series of peaks, the still-variable core on return to the hard state, the likelihood that there is not necessarily a fixed set of X-ray properties at the onset of an ejection Miller-Jones et al. 2011) , the apparently discrete ejecta with different proper motions as seen in the VLBI images, and the precedence of sources such as XTE J1859+229 and XTE J1720−318 (Brocksopp et al. 2002 (Brocksopp et al. , 2005 . However, as discussed in Brocksopp et al. (2007) , high levels of radio emission can also be associated with internal shocks caused by the collision of a later, faster jet and the earlier slower jet. Alternatively, shocks can form between the jet material and the surrounding environment (Corbel et al. 2002) . Distinguishing between these mechanisms is not straightforward; however, a comparison between XTE J1748−288 and XTE J1752−223 may be warranted.
The 1998 outburst of XTE J1748−288 suggested that the FP was anti-correlated with the Stokes I flux density during the optically thin ejection event, reaching a minimum at the outburst peak. Then the FP rose during the hard state and likely episode of collisions and shocked emission. Similarly the FP of XTE J1752−223 showed complex evolution during the flaring episodes, with only peaks 3, 6 and 7 having clear analogues in the FP emission. Peaks 1, 2, 4 and 5 appear to be associated with weaker polarisation. Thus we might be able to conclude that peaks 3, 6 and 7 are actually some form of interaction taking place between the jet components and/or the surrounding environment. Such a conclusion is also supported by the ongoing optically thin spectrum once the X-ray source has returned to the hard state. Assuming that component A had previously "cleared the way" through the surrounding medium, component C in the VLBI images could then be the emission produced in a collision between component B and previous, slower-moving material.
If it is, indeed, appropriate to compare the polarisation results of XTE J1748−288 and XTE J1752−223, bearing in mind that they both potentially reside in different environments, then we should consider the mechanism for the variability in the FP. During the initial hard state of XTE J1752−223, the FP reaches a level of up to 8.0 ± 1.7%, consistent with the maximum permitted for a self-absorbed synchrotron source (3/(6p + 13)=10-15 %, where p is the electron energy power index; Longair 1994). Brocksopp et al. (2007) proposed that the optically thin peak of the outburst could have been dominated by a depolarised core; following the outburst peak, the increase in FP comes from the increased relative importance of a more strongly polarised jet moving away from the core. The more complex variability in XTE J1752−223 is harder to explain; in addition to the core, there are multiple ejections providing different "packets" of differently-polarised emission, as well as additional sources of depolarisation external to the black-hole system. Any of these mechanisms, and presumably more than one, could apply in reducing the FP from its permitted maximum for optically thin emission ((p+1)/[p+(7/3)]=60-70%; Longair 1994) .
In a study of the 2009 outburst of H1743−322, MillerJones et al. (2012) compared VLBA images with the integrated lightcurve and found that the time of ejection coincided with the decrease in fractional rms variability and disappearance of the Type C QPO; it did not coincide with the peak of the radio flare, suggesting that there was a delay between ejection and the internal shock as the ejecta collided with the slower-moving compact jet. However, a comparison between the 2003 and 2009 outbursts showed that the X-ray timing properties at the moment of ejection are not necessarily constant, even between ejections of the same source. A similar conclusion was reached by Fender et al. (2009) . It seems that the same is true of XTE J1752−223 -the multiple flares show such a range of properties that it is perhaps inappropriate to assume they all arise via the same mechanism. A simple ejection might be expected to leave the core at the peak flux density; if, instead, a flare is dominated by shocked emission, we would expect the peak to occur when the ejecta is further downstream. We might even expect a broad flare, such as peak 4 to be including both. Interaction with the ISM might take place after a greater interval, depending on the distribution of gas in the environment. In a series of events, as seen in XTE J1752−223, the peaks cannot all be explained in terms of the fast ejection colliding with the earlier compact jet. If, for example, component A in the VLBI images is the shocked emission between an ejection and the slower compact jet, components B and C are likely to be additional ejecta because the region of decelerated, shocked emisson is further downstream. The intervening radio flares may be the result of shocks; in a series of ejecta we would certainly expect there to be some degree of emission due to collisions.
CONCLUSIONS
The radio outburst of XTE J1752−223 started with a steady, compact jet with a flat spectrum, as we would expect for a canonical black hole X-ray transient in the hard state. As the X-ray source evolved, this extended episode of jet behaviour finally gave way to a series of ≥7-8 peaks, the first of which remained optically thick and associated with the compact jet of the hard state. The subsequent optically thin flares showed a range of properties in terms of peak flux, duration, morphology, spectrum, polarisation, associated X-ray behaviour and energy estimate and, in attempting to determine whether the peak fluxes arise in multiple discrete ejection events, inter-ejecta collisions or ejecta-ISM collisions, we suggest that a combination of mechanisms is likely. We compare the times of flares with the ejecta imaged by VLBI facilities and try to determine which flares are associated with those imaged ejecta; this analysis suggests that at least one ejection event exhibited apparent superluminal motion. Once the source returned to the hard state, the radio emission remained optically thin, probably due to residual emission in the environment or possibly from the still-variable core. The radio source during the hard state is one of a growing list of radio-weak outliers of the standard X-ray-radio correlation for black hole X-ray transients. These observations and results highlight the need for wellsampled radio lightcurves obtained in conjunction with highresolution images of the ejecta.
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